This paper proposes a new approach to reduce coding artifacts in transform image coding. We approach the problem in an estimation cf each transform coefficient from the quantized data by using its local mean and variance. The proposed method can reduce much coding artifacts of low bit-rate coded images, and at the same time guarantee that the resulting images satisfies the quantization error constraint.
INTRODUCTIQlN
Block transform-based image coding offers a good tradeoff between bit rate and subjective irnage quality, and hence is the most widely used technique in image compression. Unfortunately, noise caused by the coarse quantization of transform coefficients is noticeable in a form of visible block boundaries when the compression ratio is sufficiently high. Various techniques had been proposed to remove blocking artifacts of low bitrate coded images. In order to make encoder efficient, most of them involves post-processing at the decoding side, rather than approaching the problem from the encoding side. For instance, in [l- 'a] , blocking artifacts in compressed images are concea.led with low-pass filtering (LPF) techniques. With thik approach, subjectively blocking-artifacts-free image: can be achieved without burden the computation too much at the decoder. However, it produces smeared edges and the resulting transform coefficients may spread beyond their original quantization interval. In [3-61, the image reconstruction is viewed as an ill-posed recovery problem. Specifically, the approaches proposed in [3- and subjective judgment, they are intrinsically iterative and hence take lime to converge to their solutions. Without taking the channel error into account, the quantization error is the sole error source in transform based coding scheme. The quantizaition error is introduced in transform domain, although it, manifests itself as undesirable artifacts in spatial domain. Hence, tackling the coding artifacts problem in transform domain is more appropriate and should be rriore efficient than in spatial domain. Classical methods for reducing coding artifacts devote their eiforts to spatial domain processing of the encoded image based o n some a przori knowledge about thc image, and they cannot perform the reconstruction efficiently. In this paper, we propose to deal with the problem as a noise reduction in transform domain. We forrririlate a weighted-leastsquares estimation of the transforrn coefficients from their quantized version, and the computation of the estimate involves only local stat.istic,s of the quantized coefficients. The proposed algorithm is non-iterative and the required computation is not much heavier than those of simple lowpass filtering methods. The proposed method reduces the coding artifacts and confines the resulting transform coefficients i ,~ their original quantization intervals simultaneously by means of weighting values that are devised on the local statistics of the transform coefficients, as .well as the a priori quantizer information.
FORMULATION
Throughout this paper a digital N x N image, as well as its corresponding transform, is treated as an N 2 x 1 vector in the space RAr2 by lexicographic ordering. Uloclc transform is then a N 2 x N 2 matrix which carries out linear transformation from RN2 to R N 2 . 
where X is the transform of z and n is the additive zero-mean noise introduced by the quantizers. The problem here is to est,imate X from Y and the available inforrnation of the quantizers. Suppose the Q priori mean of X is X . One very reasonable estimation of X, by taking Y into account, is the weighted-leastsquares estimation [7] . which is formulated as finding the X that minimizes the functional
where M and R are weighting matrices. We denote this estimate as X and it is given explicitly as
To ensure that the method would be practical with light computational cost, it is desirable to chose both M and R to be diagonal. In this case, we have (5) where U$, and U:, are the variance of X i and ni respectively. It is worthwhile noticing that the above choice of w; is identical to choosing the i-th diagonal elements of M and R to be the reciprocal of the variance of x; and n;, respectively.
The computation of X requires the a priorz mean and variance of X i , as well as the quantization-error variance of X i . By assuming that the quantization error n; has a uniform probability density function, the quantization-error variance is given as where qi is the known step size of the corresponding quantizer applied to X i . Both 
111)
ju, -2iI < 2 , q ' 2 there should be one more bound for wi. By substituting (4) into this quantization constraint, we have Therefore, in order to obtain an X that satisfies the quantization constraint, wi is given by Finally, we remark that the computation of both E and u $~ can be implemented by some sort of fast algorithms. In fact, it is clear that = [Ty] ;, where jj is the local mean of image y, and we had found empirically in our simulation that I TU:]^ 1, where ri denotes the local variance of y, can well approximate CT$, . 1 shows their PSNR improvement, with respect to the JPEG-encoded image. It is found that the proposed method outperforms other methods in terms of objective PSNR improvement. It is also shown by the experimental results that the proposed method can provide reconstructed images of subjectively better quality. An example is shown in Figures 1-4 : Figure 1 shows a magnified portion of the JPEG-encoded 'Lenna' at 0.318 bpp. Figures 2, 3 and 4 show the same magnified portion of the reconstructed 'Lenna' after the application of the LPF, POCS and WLS algorithms, respectively.
CONCLUSIONS
In this paper, we have proposed a new technique to reduce coding artifacts in block-transform compressed images. The proposed method is based on the weightleast-squares estimation of the transform coefficients from the encoded data and the available information on the quantizers used. The proposed method can reconstruct an objectively and subjectively better image, and at the same time can assure that the reconstructed image satisfies the quantization error constraint. Finally, the proposed method is non-iterative and thus allows real-time applications. Though in this paper only uniform quantizer is considered, it can be easily generalized to the case with non-uniform quantizer. [4] Y. Yang, N. P. Gaiatsanos 
